T he risk of developing atherosclerosis and coronary heart disease is inversely proportional to the plasma concentrations of HDL cholesterol and directly related to the levels of LDL cholesterol. 1 The regulation of plasma LDL cholesterol levels via receptor-mediated clearance is a well-defined process involving endocytosis and degradation of the entire LDL particle. 2 In contrast, it has long been known that clearance of plasma HDL cholesterol occurs in part by the fundamentally different process of selective lipid uptake, in which cholesteryl ester (CE) is selectively extracted from HDL particles without concomitant degradation of apoproteins. 3, 4 It is only recently that the receptor mediating this process, scavenger receptor BI (SR-BI), has been identified. SR-BI is a cell-surface glycoprotein that has been shown to bind HDL with high affinity and to mediate selective lipid uptake in transfected cells. 5 As expected for an HDL receptor, SR-BI is primarily expressed in those tissues (liver, adrenal gland, ovary, testis) that are the principal sites of selective uptake in vivo. [5] [6] [7] Definitive evidence for a physiological role of SR-BI in mediating HDL cholesterol clearance in vivo has been recently provided by mouse models. Hepatic overexpression of SR-BI results in depletion of plasma HDL cholesterol, increased hepatic selective uptake of HDL cholesterol, and elevated biliary cholesterol. 8, 9 In contrast, reduction of SR-BI expression via gene targeting results in mice with elevated plasma HDL cholesterol levels and decreased hepatic selective uptake of HDL cholesterol. 10, 11 The importance of SR-BI in HDL homeostasis suggests a role for the receptor in determining susceptibility to atherosclerosis. An antiatherogenic effect of hepatic SR-BI overexpression has been reported in LDL receptor (LDLr) -deficient mice, 12 but these observations are based on SR-BI expression levels that are nonphysiological. To evaluate the consequences of reduced SR-BI expression on atherogenesis, SR-BI att mice, carrying a promoter mutation that reduces hepatic expression of SR-BI and selective uptake of HDL cholesterol by Ϸ50%, 11 were crossed with mice lacking the LDLr (LDLr-0 mice). 13 Deficiency of the LDLr results in a substantial increase in LDL cholesterol, as well as the development of large aortic lesions, when mice are fed a high-fat and cholesterol-containing (Western-type) diet. We have found that attenuation of SR-BI activity in LDLr-0 mice results in a further increase in plasma concentrations of LDL particles due to increased LDL production. Measurements of aortic root lesion area in these mice showed a significant increase in atherosclerosis associated with reduced expression of SR-BI.
Methods
Mice "SR-BI att" indicates mice homozygous for the SR-BI-targeted promoter mutation described previously. 11 These mice, on a mixed 129/Sv-BALB/c background, were crossed with C57BL/6 LDLrdeficient mice 13 purchased from Jackson Labs (Bar Harbor, Me). F 1 progeny were backcrossed to LDLr-deficient mice, and the resulting offspring were then intercrossed to generate compound-homozygous mutant SR-BI att/LDLr-0 mice and control LDLr-0 mice. Mice were maintained on a 12-hour light/dark cycle and were fed either PMI 5021 chow containing 9% fat (PMI Feeds) or a high-fat, Westerntype diet (0.15% cholesterol, 21% saturated fat; TD 88137 diet, Harlan Teklad) as indicated. Hepatic SR-BI expression in doublemutant and control mice was quantified by densitometry of Western blots as described. 11
Plasma Lipoprotein Analysis
Mice were bled after a 5-to 8-hour fast. Total plasma cholesterol and triglycerides were determined by using commercial enzymatic assays. 7 Plasma HDL cholesterol was quantified after dextran sulfateMg 2ϩ precipitation of apoB-containing lipoproteins, 14 and non-HDL cholesterol was determined by subtraction of this value from total plasma cholesterol. Plasma apoB levels were measured by ELISA immunoassay. Fast protein liquid chromatography (FPLC) was performed on 200 L of pooled plasma samples by using 2 Superose 6 columns connected in series (Pharmacia Biotech). For SDS-polyacrylamide gel electrophoresis (PAGE), VLDLϩIDL (dϭ1.006 to 1.019 g/mL), LDL (dϭ1.019 to 1.055 g/mL), and HDL (dϭ1.055 to 1.21 g/mL) were separated by sequential preparative ultracentrifugation of pooled mouse plasma; denaturing polyacrylamide gel analysis was performed with 4% to 20% gradient gels (Bio-Rad) stained with Coomassie Brilliant Blue R.
LDL Turnover Studies
LDL was prepared in the density range 1.020 to 1.045 g/mL from plasma of LDLr-0 and SR-BI att/LDLr-0 mice, dialyzed against PBS containing 0.3 mmol/L EDTA and 0.02% NaN 3 , and radiolabeled in the protein moiety with 125 I-N-methyl-tyramine cellobiose ( 125 I-NMTC) 15 16 Determination of the plasma decay of both LDL tracers and their tissue sites of uptake was carried out as described. 4, 16 Food was removed 4 hours before tracer injection from those mice that had been maintained on a high-fat diet. Animals were fasted throughout the 24-hour study period but had free access to water. Doubly radiolabeled LDL was injected at 10 AM into an iliac vein, and blood samples were drawn from the tail vein of each animal at 0.08, 0.5, 2.0, 5.0, 9.0, and 24.0 hours after injection. Plasma samples were directly radioassayed for 125 I and analyzed for tritium after lipid extraction. 16 Twenty-four hours after tracer injection, the animals were anesthetized and perfused with saline (50 mL per animal), and their organs were collected, weighed, homogenized, and radioassayed. Tissue content of 125 I radioactivity was directly assayed and that of tritium was analyzed after lipid extraction. Based on the plasma decay of both LDL tracers, plasma fractional catabolic rates (FCRs) were calculated by using a 2-compartment model. 17 Organ FCRs, representing the fraction of the plasma pool of the traced LDL component cleared per hour by an organ, were calculated as the plasma FCR fraction of the total tracer (in percent) recovered in a specific organ. 4, 16 
Analysis of Atherosclerotic Lesions
At 10 weeks of age, 10 LDLr-0 mice and 15 SR-B1 att/LDLr-0 mice fed the high-fat diet were killed under anesthesia (Avertin: 0.15 mL of 2% solution per gram of body weight, injected IP) and perfused with 4% paraformaldehyde in PBS. The basal aspect of the heart was embedded in OCT compound (Tissue-Tek), snap-frozen in isopentane cooled with LN 2 , and stored at Ϫ80°C until sectioning. Serial sections (10 m thick) were collected, starting at the aortic sinus, for a length of 300 m. 18 Every other section was stained with oil red O to identify lipid and counterstained with hematoxylin. Quantitative analysis was performed on 5 oil red O-stained sections from comparable levels of the aorta from each mouse by using digitized photomorphometry and reported as the mean lesion area (m 2 per aortic root per mouse).
Statistical Analysis
Statistical analyses were performed by 2-tailed Student's t test for unpaired data.
Results

Compound-Mutant Mice
SR-BI att mice were bred with mice lacking the LDLr to produce compound-homozygous mutant SR-BI att/LDLr-0 mice and control LDLr-0 littermates. Because att is a promoter mutation potentially subject to strain-specific background effects, hepatic SR-BI protein expression was measured in the progeny mice. As observed in previous analyses, 11 the att mutation reduced hepatic expression of SR-BI by 50% (1386Ϯ477 arbitrary units for SR-BI att/ LDLr-0, nϭ6, versus 2786Ϯ326 arbitrary units for LDLr-0, nϭ6; Pϭ0.038).
Plasma Cholesterol and Lipid Profiles
To determine the consequences of reduced SR-BI expression on plasma cholesterol levels in LDLr-0 mice, blood was collected from SR-BI att/LDLr-0 and LDLr-0 mice maintained on a high-fat diet. As in LDLr ϩ/ϩ mice with attenuated SR-BI expression, 11 total plasma cholesterol was increased (70% for males, 40% for females) in compoundmutant mice relative to LDLr-0 controls (Table 1) . However, in contrast to mice expressing the LDLr, the increased cholesterol in LDLr-0 mice was primarily in non-HDL lipoproteins (Table 1 ). In males there was a small (28%), significant increase in HDL cholesterol, but the majority of elevated cholesterol resulting from decreased SR-BI expression was in the non-HDL lipoproteins. In females, the increased cholesterol also resided almost exclusively in non-HDL lipoproteins, with a proportionate increase in plasma apoB levels, and there was a small (25%), nonsignificant increase in HDL cholesterol. FPLC showed that the elevated non-HDL cholesterol in males was primarily in the LDL cholesterol portion ( Figure 1A) . Characterization of apoprotein composition by denaturing gel electrophoresis indicated that increased LDL cholesterol in double-mutant males was associated with elevated levels of apoB100 and apoE, relative to corresponding levels in LDLr-0 controls ( Figure 1B) . FPLC of plasma from female mice showed increases in both LDL and VLDL cholesterol in mice with attenuated SR-BI expression ( Figure 1C) , with corresponding increases in apoB100, apoB48, and apoE ( Figure 1D ).
Effect of a Chow Diet
The minimal increase in HDL cholesterol levels in LDLr-0 mice with reduced SR-BI expression was unexpected, given earlier observations of 50% to 70% increases in HDL cholesterol in otherwise wild-type mice with reduced SR-BI activity. 10, 11 Because SR-BI has been shown to bind VLDL and LDL as well as HDL particles, 19 -21 it is possible that the abundant VLDL and LDL particles in LDLr-0, relative to wild-type, mice may compete with HDL for binding to SR-BI. Thus, a decrease in SR-BI expression would primarily affect non-HDL cholesterol levels in LDLr-0 mice. To assess whether a reduction of non-HDL cholesterol levels would unmask a significant effect of the SR-BI mutation on plasma HDL cholesterol levels in female LDLr-0 mice, SR-BI att/LDLr-0 and control LDLr-0 mice were switched from a high-fat diet to chow for 2 weeks, and blood was subsequently collected. On a chow diet, the plasma concentrations of non-HDL cholesterol were markedly reduced ( Figure 2) . The only significant effect of the SR-BI mutation in female mice on the chow diet was an elevation of HDL cholesterol (44%), whereas, as also noted above, on the high-fat diet the only significant effect was elevation of non-HDL cholesterol (Table 1) .
LDL Clearance
To examine whether the increase in plasma LDL cholesterol in double-mutant mice maintained on a high-fat diet reflects altered catabolism of LDL particles, female mice were injected with LDL radiolabeled with tracers that are not degraded in the plasma or tissue compartments: (Figure 3) . Because labeling of LDL protein introduces the tracer into both apoB and apoE, the plasma decay of each apoprotein was also quantified separately. No differences in clearance were observed between double-mutant and control mice (Table 2) . Plasma FCRs calculated from the plasma decay curves similarly showed no alterations in clearance of the lipid or protein tracers in double-mutant mice (Table 3) . Furthermore, no selective uptake of CE from plasma LDL, calculated as the difference between CE and protein FCRs, was detected in either SR-BI att/LDLr-0 or LDLr-0 mice (Table 2) . SR-BI is highly expressed in the liver, which is the primary site of HDL catabolism in rodents. 3, 4 Quantification of hepatic tracer uptake and calculation of liver FCRs showed no effect of the SR-BI att mutation on LDL CE or protein catabolism in LDLr-0 mice (Figure 4) . Consistent with the 
Atherosclerosis in SR-BI att/LDLr-0 Mice
As described above, male mice lacking the LDLr have a large increase in plasma LDL cholesterol and a lesser increase in plasma HDL cholesterol as a result of reduced SR-BI expression. To evaluate the consequences of this lipoprotein profile on atherogenesis, males maintained on the Western diet were examined for the extent of atherosclerosis in serial sections of the aortic root at 10 weeks of age. As shown in Figure 5 
Discussion
In this study, we have examined the effects of reduced SR-BI expression on plasma cholesterol levels and atherosclerotic lesion formation in an atherosclerosis-susceptible mouse model. The SR-BI att mutation, which reduces hepatic SR-BI expression by 50%, was found to increase plasma cholesterol levels by 40% to 70% when crossed onto a background of LDLr deficiency. This increase was almost entirely attributable to elevation of non-HDL lipoproteins, predominantly LDL, in both males and females, with only a slight increase in HDL cholesterol levels. The elevation of non-HDL lipoproteins was accompanied by a significant increase in atherosclerosis in male mice: the mean aortic lesion area of mice with reduced expression of SR-BI was increased Ͼ2.5 fold relative to LDLr-0 controls. Female double-mutant mice might also show the same tendency, but the effect may be less pronounced due to their lower absolute levels of non-HDL cholesterol relative to male mice. The minimal effect of attenuated SR-BI expression on HDL cholesterol levels in LDLr-0 mice is notable. In wildtype mice, in which virtually all of the plasma cholesterol is carried within HDL particles, a 50% reduction of SR-BI expression results in a 50% to 70% increase in HDL cholesterol levels 10, 11 and a concomitant decrease in hepatic selective uptake of HDL CE from the plasma. 11 In LDLr-0 mice fed a Western diet, there is an abundance of non-HDL lipoproteins, and only a minority of the plasma cholesterol is found within HDL particles. It is possible that under these conditions, there is sufficient competition for binding to SR-BI by non-HDL lipoproteins such that binding of HDL is largely outcompeted. This concept is consistent with evidence for SR-BI binding of VLDL and LDL 19 -21 and also with our findings that in female mice switched to a chow diet, which substantially reduces plasma concentrations of non-HDL cholesterol, the only significant increase in plasma cholesterol between SR-BI att/LDLr-0 and control LDLR-0 mice occurred exclusively in HDL cholesterol. It should be noted that Acton et al 5 found that native LDL had little competitive effect on HDL's association with the SR-BI in vitro. However, in vivo characteristics of LDL and its binding to SR-BI may well differ; furthermore, competition between VLDL/ remnants and HDL for SR-BI binding sites has not been assessed. Alternatively, other mechanisms could be involved. Radiolabeled apoB and apoE were quantified after separation on denaturing gradient gels. The values represent percentages of counts detected 10 minutes after intravenous injection of the tracer and are shown as meanϮSD. Blood was collected periodically from 6 female control LDLr-0 and 7 female SR-BI att/LDLr-0 mice over 24 hours after injection of labeled autologous LDL. The values are meanϮSD.
For example, alternative HDL clearance pathways (eg, apoEdependant clearance) could become relevant on a high-fat diet.
Previous studies have demonstrated that SR-BI can internalize LDL-associated lipids in transfected cells. 19 -21 Interestingly, our studies indicate that in vivo, SR-BI does not mediate selective uptake of CE from LDL and does not appear to play a physiological role in LDL catabolism. Plasma clearance and hepatic uptake of LDL protein and LDL CE were unaffected by a reduction of SR-BI expression in LDLr-0 mice. Thus, the elevation of plasma LDL cholesterol does not reflect impaired LDL catabolism but rather implies increased production of LDL (production rateϭpool sizeϫFCR). This event could result from increased secretion of VLDL or decreased VLDL catabolism, leading to increased conversion of VLDL to LDL. Increased VLDL secretion seems unlikely to be the primary defect, since there was no or relatively little increase in the VLDL concentration in double-mutant mice. Preliminary data with double-labeled VLDL have indicated increased conversion of VLDL CE to LDL CE in SR-BI att/LDLr-0 mice relative to control LDLr-0 mice (F.R. et al, unpublished observations, 1999), thereby supporting a role for SR-BI in the clearance of VLDL remnants. However, analogous to the role of the LDLr-related protein in remnant clearance, 22 an impact of SR-BI expression on VLDL or LDL levels only becomes apparent in the context of reduced LDLr activity. Similarly, SR-BI overexpression reduces VLDL and LDL levels in LDLr-deficient mice. 12 These findings could indicate a backup function of SR-BI in VLDL remnant metabolism when LDLr activity is low.
Reduction of SR-BI levels in male LDLr-0 mice resulted in a significant increase in the mean atherosclerotic lesion area in the aortic root. Similarly, a proatherogenic effect of the SR-BI-null mutation on the apoE-deficient background was recently reported and appeared to be associated with increased VLDL cholesterol. 23 In both models, the increased atherogenicity could be related to the substantial increase in non-HDL cholesterol in double-mutant mice, 24 but the effects of SR-BI downregulation on reverse cholesterol transport or local effects in the vessel wall cannot be ruled out. The consequences of the small increase in HDL cholesterol on the atherosclerotic phenotype in our double-mutant mice are not easily assessed. It remains unresolved whether the elevation of HDL cholesterol levels in these mice contributes any atheroprotective effect, or alternatively, promotes increased atherogenesis because it reflects a reduced clearance of HDL. What is clear is that SR-BI underexpression is proatherogenic in atherosclerosis-susceptible mice. This notion is consistent with recent results describing an antiatherogenic effect of hepatic SR-BI overexpression in LDLr-deficient mice. 12 Taken together, these data indicate that upregulation of the SR-BI could potentially serve as a useful therapeutic strategy for treatment of atherosclerosis.
Lastly, one could speculate from the data presented here that human SR-BI deficiency states may be characterized by elevated plasma LDL and HDL cholesterol levels and a predisposition to atherosclerosis. Although rare, such kindreds have been observed 25 and may, at least in part, result from an underlying defect in SR-BI expression.
